Formaldehyde (FA), as a vital industrial chemical, is widely used in building materials and numerous living products. It has become one of the most important air pollutants in residential and industrial occupational environments. Studies have shown that FA easily reacts with nucleophilic materials, leading to the formation of DNA damage. Additionally, Alzheimer's disease is related to the intake of FA. The concentration of FA in our surroundings especially in the urban environment has attracted increasing attention. Thus, development of a rapid, sensitive and facile method to determine the concentration of FA becomes highly desirable. To date, many types of FA sensing methods have been applied to detect and quantify FA concentration. Herein, we summarized the recent development of materials for FA detection and their application in environmental and health monitoring, with a focus on fluorescent probe, nanomaterials, and biomolecules. Moreover, the future trend of related development from lab to indoors was also proposed.
Introduction
Formaldehyde (FA) has attracted signicant attention in the domain of science. As a carcinogenic amphibolic toxic aldehyde, 1 FA easily causes DNA damage by reacting with nucleophilic material actively.
2 Small doses of FA can cause pain, emesia, somnolence and stupor, and its large amounts can cause death. 3 Moreover, the Alzheimer's disease is related to the intake of FA. 4 According to explicit evidence of FA detriment, the International Agency for Research on Cancer (IARC) has categorized FA in Group I, carcinogenic to humans, in 2004, 5 whereas China has ranked it second in the control list of chemicals toxic to humans. 6 The United States Environmental Protection Agency suggested the limit of FA as 0.2 mg kg À1 of body weight in daily life and WHO set it as 0.15 mg kg À1 There are mainly two causes that result in the high levels of FA, one is articial additives and the other is products that themselves produce FA during their frozen storage or processing.
To make sure that FA is not pernicious to human health, it is pivotal to control FA levels via early detection. There are various types of FA detection approaches nowadays, including piezoelectric sensors, 7 electro-chemical biosensors, 8 quartz crystal microbalance, 9, 10 Raman spectroscopy, 11 gas chromatography, 12, 13 liquid chromatography, 14, 15 X-ray diffraction (XRD), transmission electro-microscopy (TEM) 16 and biosensor methods. [17] [18] [19] Each detection method has different deciency, and obvious sensor technologies are greatly needed to enable detection of FA in situ and real-time in a concise and precise manner. 20, 21 Compared to semiconductor sensors based on gassensitive lms, [22] [23] [24] [25] uorescent sensors relying on molecular imaging have advantages of simplicity, high sensitivity, 26 and quick response.
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Of note, the detection and quantization of FA in cell and tissue has become a new challenge and requires a new technique that is real-time and non-invasive and enables in situ detection. Molecular imaging relies on target-specic probes to achieve non-invasive detection and quantization of biomolecules in vitro and in vivo [28] [29] [30] [31] [32] and is widely applied for accurate detection of disease and its location, and stage by collecting information on molecular pathways in cellular and biological processes underlying the diseased tissue.
28-33
Obviously, molecular imaging can be clinically applied in the discovery and development of medicine, to evaluate the efficacy of drug therapy through real-time assessment 34, 35 and to greatly improve image-guided surgery. [36] [37] [38] [39] In recent years, the development of uorescent probes for metal ions, anions and biomolecules has made great progress. Meanwhile, nanomaterials have attracted considerable attention, their unique structures have unique effects: for example, under light irradiation with an appropriate wavelength, the surface plasmon in nanomaterials is excited, so the intensity of local electric eld is enormously enhanced. The application of nanomaterials has been studied in detail in various elds, especially in chemical sensing and biomedical imaging, including in the detection of FA gas. Correspondingly, the related nanomaterials used for FA detection have been documented in basic and applied sciences. Thus, we summarized different shapes of nanomaterials, including nanoparticles, nanotubes, nanosheets, and coreshell structures, for their application in FA detection.
Reactivity-based small molecular fluorescent probe
Since the synthesis of reactivity-based probe is oen considered to be convenient, the uorescence detection is advisable for determining concentration levels of FA rapidly and accurately. Hence, it has become one of the most important sensing technologies for FA detection. As mentioned above, uorescent imaging is one of the methods of choice to visualize intracellular species in various solutions, cells and tissues due to implicit advantages of uorescent detection methods. As such, a variety of small-molecule FA-selective uorescent sensors have been reported in recent years. In this part, the uorescence probes are summarized based on type and how the small molecular uorescent probe reacts with FA.
Schiff reactivity-based small molecular uorescent probe
Schiff bases are compounds with a general formula 'RCH]NR' that are obtained by simple condensation between equivalent amounts of aldehyde and amine with high yields. They are known to be a type of ligands with strong coordination ability. In organic synthesis, Schiff base reactions are oen applied for generating carbon-nitrogen bonds. 40 As mentioned above, Schiff bases have been considered to be one of the most convenient and attractive ligands for quantication of metal ions [41] [42] [43] or organic molecular. Hence, it is an outstanding reaction for the FA uorescent probe design.
44,45
Before 2012, only were a few uorescent sensors were reported. 46, 47 In order to develop more sensors, many research on the application of reactive uorescent dyes that invertible binding of FA has been applied for the development of FA sensors, their characteristic uorescence peak shis under the presence of FA for optical detection. BODIPY is known as a useful uorophore for its high quantum yield (UF > 0.50) and obvious and strong excitation and emission peaks. The uo-rescent of BODIPY uorophore can be quenched by introducing amine moieties through photoinduced electron transfer (PET), which further form imine functional groups with FA and restore its uorescence. Sung prepared primary, secondary, tertiary, and aniline moieties (AB1, AB2, AB3, and AnB, respectively) and examined their maximum quenching BODIPY uorescence. 48 The results showed that the AnB was a stable and highly sensitive sensor system. 49 In addition, it could detect FA with signicantly enhanced uorescence intensity in methanol.
To investigate uorescence changes of AnB upon addition of FA, uorescence titrations were carried out with 37% FA in degassed dry methanol at pH 8. The result is shown in Fig. 1 ; as the concentration of FA increases, a gradual increase in uo-rescence emission intensity of AnB is observed due to the blocking of PET. Electron transfer (ET) quenched the uo-rophore excited state from the aniline moiety to sensor-FA interactions.
Recently, many FA uorescent probes have been developed. Li 50 and his team successfully applied a uorescent dye with strong dual-emission uorescence in the detection of FA by introducing an amino group in the benzene ring, such as 2-amidyl-3-(3-amidyl-1H-benzo[d]imidazolyl)-pyridine. On the basis of this, they synthesized a sensitive and stable dualemission property uorescent dye 1 from nicotinamide by a three-step procedure in a yield of 86.7%. Upon excitation at 365 nm, the concentration of FA increased and a gradual increase in uorescence emission intensity was observed due to the blocking of PET (Fig. 2) . Before sensor-FA interactions, the uorophore excited state exhibited no uorescence due to electron transfer (ET) between aniline moiety and pyridine u-orophore. The frontier orbital diagram indicated that HOMO energy of imine (À5.382 eV) was lower than that of 1 (À5.014 eV) aer the interactions, thus prohibiting PET quenching of the emission. Later research showed that the uorescence peak at about 515 nm disappeared and a red-shi from 409 nm to 415 nm was observed on introduction of FA, indicating the relationship between FA concentration and uorescence intensity at 415 nm. Also, the lower limit of detection (LOD) from the uorescence titration experiment was calculated to be as low as 10 mM. The uorescence spectra of 1 with time showed that HCHO could be detected within 48 s when its concentration was more than 6.67 Â 10 À2 M.
In the same year, Yu 51 reported a stable and highly sensitive uorescent probe based on 8-hydroxyquinoline. Probe 2 was synthesized via a four-step procedure beginning from 2-methyl-8-hydroxyquinoline with a yield of 68.8%. The DMSO solution of the probe was then slowly added to a mixture of deionized water and 3 g polyvinyl alcohol and stirred for 2 h at 80 C. Aer cooling to room temperature and stirring for 30 min, the resulting clear homogenous solution with 10% polyvinyl alcohol was used for electrospinning the lm. Through highvoltage spinning, a solid-state FA probe with electrospinning bers containing uorescent compounds was developed and the SEM images are shown in Fig. 3a . Upon the addition of FA, a signicant turn-on uorescence response (5.5-fold uores-cence enhancement) with a maximum at 467 nm was observed due to the blocking of PET. The uorescence properties were studied by a UV lamp and the results in Fig. 3b show that clear uorescence enhancement was observed as the concentration of FA increased.
Meanwhile, Lin and his team 52 have made considerable effort in FA detection. They found that the acylation reaction of hydrazine can be applied for synthesizing uorimetric derivatization reagents for FA detection. For example, they synthesized 1,8-naphthalimides named NPz (probe 3) with a yield of 36% and examined its uorescence behavior toward FA in MeCN containing 5% HOAc (Fig. 4) . During the addition of FA, the uorescence intensity was found to be linearly proportional (R ¼ 0.9970) to FA in the concentration range of 0-1.6 mM. In addition, the low detection limit of 0.25 ppm (S/N ¼ 3) indicated that NPz was sensitive and potentially useful for FA detection in the environment.
Later, Lin 53 reported a two-photon uorescent probe based on 1,8-naphthalimides. Probe 4 could detect endogenous FA for the rst time in living tissues due to the two-photon technology, 54 which offers much deeper penetration of biological samples. Similar to previous 1,8-naphthalimide derivatives, the synthesis of this probe was straightforward. When FA was added dropwise, a notable consuming uorescence peak at 543 nm was observed. Signicantly, aer treating with 100 mm of FA for 30 min, the 5 mm probe had a 900-fold increase in uorescence. The probe was further applied to monitor endogenous FA in living cells. The HeLa cells incubated with NaHSO 3 inhibitor displayed no emission ( Fig. 6b) , while in the two-photon mode, cells treated with probe Na-FA exhibited green uorescence (Fig. 6e) . Meanwhile, nearly no emission was observed when cells were incubated with the probe aer pre-treatment with the inhibitor (Fig. 6h) . These results demonstrated that the probe can detect endogenous FA in living cells (Fig. 5 ).
Kim and Lin 55 cooperatively developed a naphthalimide-based FA probe 5 employed a biotin pendant as a cancer targeting moiety. The spectroscopic properties of the probe in the absence and presence of FA were rst assessed. Upon the addition of FA, the uorescence response had a linear relationship between the uorescence intensity and FA concentration up to 10 mM, with the LOD as 0.78 mM. Subsequently, the probe was applied to uorescent imaging experiments in living cells. Herein, probe 5 showed a relatively brighter uorescence in the biotin receptor positive cell line compared to that in the negative cell line, indicating that the probe is a promising candidate for endogenous FA detection in cancer cells and tissues, with a high selectivity and low detection limit ( Fig. 7 and 8 ).
Aza-Cope reactivity-based small molecular uorescent probe
Chemical reactions such as ring-opening reaction, 56 hydrozone formation, 57 cyclization 58 and nucleophilic addition 59 have been developed to detect FA. These chemical reaction-based probes provide aggressive approaches for FA detection. Aza-Cope rearrangement has recently been applied to develop new uo-rescent probes. For example, Chan et al. 60 developed FP-1 probe to visualize FA in living HEK293TN and neuroscreen-1 cells. Also, FAP-1 has been reported by Chang et al., 61 which is based on 2-aza-Cope rearrangement reaction and has been employed in living cells for imaging FA.
Chan et al. 60 reported a new approach for FA detection in living cells through the development of FA probe 6 (FP1), a FAresponsive uorescent indicator. The probe comprised three parts: a uorescent core, an FA reactive moiety, and a dark quencher. FP1 was synthesized starting from the reaction between tert-butyllithium and indole 2, which could yield a lithium adduct and subsequently react with silicon xanthone 1. Silicon rhodol 3 was yielded aer sequential acid-mediated dehydration and BBr3 demethylation reactions. The indole moiety was subjected to Vilsmeier-Haack formylation conditions to furnish carboxaldehyde 4, which was transformed to homoallylic amine 5 with potassium allyltriuoroborate in methanolic ammonia. Finally, reductive amination was carried out with 4-nitrobenzaldehyde and triacetoxyborohydride. Upon the addition of FA, the uorescence was increased in a dosedependent manner. Inspired by the excellent selectivity and exceptional responsiveness to FA in vitro, FP1 was employed to visualize FA in living cells. Incubated with 2 mM FP1 at 37 C for 8 min, HEK293TN cells were subsequently treated with a buffer containing FA at 0, 1, 2.5, or 5 mM for 3 h. As shown in Fig. 9 , a 3-fold uorescence enhancement was observed upon the addition of 5 mM FA. Chang and his team 61 reported that FA-induced 2-aza-Cope reaction could transform a homoallylic amine into an aldehyde and thus induce a uorogenic turn-on response. Thus, the authors prepared a FA probe FAP-1 (probe 7), utilizing a key boronate-mediated aminoallylation as the reactive trigger. Upon reaction with FA, an aldehyde product would be yielded, which is incapable of spirocyclization and would produce uorescence. The probe was reported to exhibit an 8-fold uo-rescence enhancement upon treatment with 100 mM FA in pH 7.4 aqueous buffer solution. Then, the ability of FAP-1 to visualize FA in living cells was tested with HEK293T cells. The cells were incubated with 10 mM probe 7 for 30 min and various concentrations of FA (from 200 mM to 1 mM) were added. A notable and dose-dependent turn-on uorescence could be observed in the FA-treated cells over control cells, demonstrating probe 7 was capable of detecting FA in a cellular context (Fig. 11) .
Lin et al. 62 prepared a novel ratiometric uorescent FA probe (probe 8), employing 6-hydroxy naphthalene chromophore as the uorescent core and homoallylamino group as the trigger. Probe 8 was easily obtained in the yield of 66%. Upon treatment with an increasing amount of FA (1.0 to 300.0 equiv.), the emission intensity at 451 nm was signicantly enhanced, while the peak at 359 nm decreased. Then, HeLa cells were employed to evaluate the practicability of the probe. Incubated with RFFP (10 mM) for 30 min, the cells were then treated with different doses of FA (0.5 and 1 mM) for another 2 hours. The results showed that the probe generated a distinct increase in emission intensity (green/blue) in the ratiometric uorescence images, demonstrating its ability of FA detection in both aqueous solutions and biological samples (Fig. 10 ).
Nanomaterials
Nanomaterials have attracted considerable attention from the early 1980s due to their special physical and chemical properties and promising applications. 63 Owing to different shapes of nanomaterials, they can be divided into many categories: nanoparticles, nanotubes, nanosheets, core-shell structures and so on. The unique structure makes them have many unique effects: surface effect and small size effect and they can exhibit characteristics of size-and shape-dependent plasmon resonance scattering and absorption. 64, 65 Under irradiation with light of an appropriate wavelength, the surface plasmon in nanomaterials can be excited, so that the intensity of the local electric eld is enormously enhanced. This is the basis for various spectroscopic techniques sensitive to electromagnetic elds, especially of that for surface-enhanced Raman spectroscopy (SERS). [66] [67] [68] Entering the 21st century, the research on nanomaterials in various elds became more detailed, especially in chemical sensing and biomedical imaging such as the detection of FA gas, and some studies related to nanomaterials for FA detection were also reported (Fig. 12) .
Nanoparticles
In recent years, SERS has attracted more and more attention owing to its superior capacity, which can enhance normally weak Raman signal to trace the analyte accurately. Some metal nanoparticles such as Ag and Au nanoparticles have been widely used as substrates of SERS because of their special enhancement effect owing to surface plasmon resonance (SPR) on the metal surface. For example, Qu and co-workers 69 reported a surface enhanced resonance Raman scattering (SERRS) probe for the selective detection of FA indirectly by detecting the product of the Hantzsch reaction between FA and acetylacetone called dihydropyridine 3,5-diacetyl-1,4-dihydrolutidine (DDL, Fig. 13a ). DDL exhibits a high SERS cross-section, as shown in Fig. 13b . At the same time, silver nanoparticles were employed as a substrate that exhibits a typical LSPR peak centered at 420 nm and partially overlaps the absorption of DDL (Fig. 13c) . As a result of Ag nanoparticle aggregation, SERS signals were enhanced obviously. The lower limit of detection was 10 À11 M and the probe could be applied for the analysis of FA in practical lake-water samples, with a detection limit lower than 0.1 nM.
Ma et al. 70 demonstrated the use of silver nanoparticles (Ag NPs) for low-powered, easy to apply real-time detection devices of FA both in environmental water and food samples. The sensing mechanism is shown in Fig. 14a , and it relies on a derivative reaction of FA with 4-amino-5-hydrazino-3- Ag NPs as the substrate (Fig. 13b) . The concentration of FA could be quantied in the 1-1000 mg L À1 range using the described method, and the limit of detection was 0.15 mg L À1 . In addition, FA in food and environmental water samples were analyzed by that above method, and the obtained results had no signicant difference with the actual situation, which suggests that the method is a suitable candidate to detect FA in food and water. However, SERS substrates based on pure metals still remain a challenge in practical application due to their poor reproducibility and stability. Therefore, some nanoparticles doped with other materials were proposed by researchers. For instance, Zhang et al. 71 successfully developed Au/SiO 2 nanoparticle-based SERS to detect FA. As shown in Fig. 15 , the FA gas was separated and collected from aquatic products by negative pressure of the sampling pump, and then through a series of reactions, the product was combined with the nanoparticles and identied by SERS. In their work, the detection mechanism was based on a specic derivatization reaction between FA and MBTH (Fig. 16a) , and the product of the derivatization reaction as a Raman-active analyte could be detected and quantied via SERS employing Au/SiO 2 nanoparticles (NPs) as the substrate to enhance Raman signal intensity signicantly. As shown in Fig. 16b , the derivative product can generate a strong signal aer addition of Au/SiO 2 NPs. Under optimal conditions, an extremely lower limit of detection of 0.17 mg L À1 is obtained, and the peak areas of the SERS are linearly related to the concentration of FA in the 0.13-0.21 mg kg À1 range. Additionally, this method can rapidly quantify the volatile formaldehyde in squid and shrimp samples on-site. In some recent studies, it has been veried that polyaniline/ silver nanoparticles provide enhanced performance in applications compared with single-component sensors, and they are useful as a sensor to detect many substances like FA. For example, Zhang et al. 72 used a polyaniline/silver nanoparticle as a FA vapor sensor, and compared with the response from pure polyaniline, the response of the nanoparticles to FA was more obvious in transmission electron microscopy, scanning electron microscopy, X-ray diffraction and other scanning techniques. Scanning electron micrographs of polyaniline and the nanoparticles are shown in Fig. 17 . The mechanism of the polyaniline gas sensor related to a nucleophilic addition interaction between polyaniline and FA is shown in Fig. 18 ; at the same time, the AgNPs can improve the mobility of the charge carriers by decreasing the distance of charge carriers in localized states, thereby resulting in an enhanced response upon exposure to FA. But when the silver concentration increased, more AgNPs aggregated in clusters, leading to a region depleted of electrons. Aer investigating several test data, a conclusion was generated: 25% is the best concentration of silver in nanoparticles, and the lower detect limit of FA in the 25% AgNPs is 1.24 ppm (Fig. 19 ). (Fig. 21) . Fang et al. 74 designed an Ag-modied In 2 O 3 /ZnO bundle with micro/nanoporous structures to trace FA signicantly, because the high surface area of porous structures could enhance the sensitivity of FA gas. The SEM images of In 2 O 3 /ZnO and Agmodied In 2 O 3 /ZnO nanobundles are shown in Fig. 22 . From these two samples, it can be indicated that the surface morphology of the In 2 O 3 /ZnO nanobundles are not affected by the Ag modication process. The possible FA gas-sensing mechanism is related to the surface of that sensor to be porousstructure, which when operated by nanogaps in Ag-modied In 2 O 3 /ZnO nanobundles, may provide larger surface areas and more active sites than normal In 2 O 3 /ZnO nanobundles. The Agmodied In 2 O 3 /ZnO nanobundles exhibit superior response with FA gas: the response and recovery times are as short as 6 s and 3 s, respectively, and the lower limit of FA detection was approximately 100 ppb, which ts with the health standard limitation on FA concentration in air. Hence, this method is suitable for industrial and practical applications (Fig. 23) .
Nanotubes, nanorods and nanobundles
Besides to SRES, nanomaterials can be applied as substrates in many other approaches such as Rayleigh scattering (RRS) and density functional theory (DFT) due to their individual electronic properties. In 2014, Wen et al. 75 developed a new gold nanorod (AuNRs) surface plasmon resonance Rayleigh scattering-energy transfer (RRS-ET) method to trace FA with rapidly and with good selectivity and repeatability. The SEM images of AuNRs are shown in Fig. 24 . In that research, in a KOH medium, the AuNRs were aggregated to for large AuNR aggregates, which exhibited strong RRS signal at 440 nm, and then FA reacted with 4-amino-3-hydrazino-5-mercap-1,2,4-triazole (AHMT) under the AuNR substrate to form a purplish red compound, 6-mercapto-S-triazole [4,3-b]-S-tetrazole (MTT). As the receptor, the MTTs had hydrophobicity close to that of the AuNR aggregates as the donor; when the system was irradiated by 440 nm photons, the RRS signal was triggered by RRS-ET, so that the peak at 440 nm was quenched (Fig. 25) . The concentration of FA could be quantied in the 0.25-48 mmol L À1 range using the described method. In addition, aer experimental verication, the described method could be applied to the analysis of FA in indoor and polluted air samples with high selectivity and repeatability.
In the other explorations, Yooseana et al. 76 reported Pdloaded on the surface of a single-walled carbon nanotube (Pd/ SWCNT) based on the density functional theory (DFT) for selective detection of FA; compared with a pristine single-walled carbon nanotube, Pd/SWCNT exhibited a superior response because of its better electronic properties. The variation in electronic properties of Pd/SWCNT before and aer adsorption of the detected FA. Aer reaction with Pd/SWCNT, the O atom of FA would prefer to close Pd/SWCNT rather than the C]O bond, and the short binding distance and strong binding energy were in tune with the larger charge transfer between FA and Pd/ SWCNT. It was observed that the electrical conductivity of the Pd/SWCNT nanotube increased, which directly indicates that the PD/SWCNT is a good sensor for FA detection.
Au@ZnO core-shell structure
Semiconductors have been widely used as FA gas sensors because of their special advantages such as good stability, easy fabrication, and low cost. However, they have a shortcoming in that the operating temperature is too high, sometimes even up to a few hundred degrees centigrade. To solve the problem, researchers synthesized some core-shell structures to reduce the operating temperature, thus enabling real-time monitoring FA in low concentrations. In 2014, Chung et al. 77 reported an Au@ZnO core-shell structure as a novel sensor to detect shadow level of FA at room temperature. The mechanism for the formation of Au@ZnO is shown in Fig. 26a . The structure's properties have been carefully analyzed with UV-vis spectra, transmission electron microscopy, X-ray diffraction spectra and so on. The possible FA gas sensing mechanism of the sensor is shown in Fig. 26b , which is related to the adsorption of FA, surface reaction with O 2 , and product desorption in Au@ZnO core-shell nanoparticle. Aer detection of the Au@ZnO coreshell sensor, the data are immediately collected and analyzed by a computer connected with the sensing system. Compared with ZnO material, the Au@ZnO core-shell nanoparticles exhibit superior response (138 s) and recovery times (104 s) (Fig. 27 ).
Nanobrous membranes
Recently, nanobrous membranes have been considered to be new simple molecular recognition sites for FA detection. Owing to their superior properties like high porosity and large surface area, nanobrous membranes have drawn great attention of more and more researchers. For instance, Wang et al. 78 detected FA using electrospun cellulose nanobrous membraneimmobilized pararosaniline as a colorimetric sensor. The FE-SEM images of nanobers are shown in Fig. 28 . Due to their higher specic surface area, nanostructured materials with abundant recognition sites are very appealing. In this research, the color transition mechanism was related to the effects on specic reactions between FA and pararosaniline. Within a certain range, the color of the system ranged from light pink to purple, and the absorbance intensity was directly proportional to the concentration of FA. The lower limit of detection was approximately 0.06 mg mL À3 by the naked eye, and the concentration of FA was quantied to be in the 0.12 À6 mg m À3 range (Fig. 29) , indicating sensor's potential application in the detection of trace FA in environmental and biological samples in the future. Nearly a year later, Dai et al. 79 described an electrochemical impedimetric sensor based on biomimetic electrospun nanobers for FA detection. In this research, the recognition mechanism was related to obvious changes by reactions between recognition sites on nanobers and FA (Fig. 30a) and the mechanism could be monitored through electrochemical impedance spectroscopy. The SEM and TEM images of the nanober are shown in Fig. 30b . The concentration of FA was quantied to be in the 1-1000 mmol L À1 range using the described method, and the limit of detection was 0.8 mmol L À1 .
Herein, it was also observed that the electrospun nanobers for FA detection were designed as a bio-recognition element for the rst time; hence, it is believed that the biomimetic impedimetric sensor based on nanobers can prepare further new articial biosensors to monitor FA in environmental, food and biological samples (Fig. 31) . Moreover, there are some other nanomaterials such as nano thin lms and nanosheets that have been reported as great sensors for detection of FA in the environment, 80,81 Sira Srinivesa et al. synthesized a polyaniline (PANI) nanothin lm as a chemiresistor sensor to trace FA, and the sensing mechanism was that a Schiff base derived from the reaction between the amines and FA changed the resistance of the PANI lm. 80 Yu et al. designed high-performance sensor strips using ultrathin SnO 2 nanosheets. 81 In summary, owing to nanomaterials' special characterizations for affording large surface areas and more direct conduction pathways, they play an important role in FA detection.
Conclusion and prospective
To date, many types of FA detection methods have been reported, including biosensor methods, 82 Raman spectroscopy, 83 gas chromatography, 84 liquid chromatography, 85 and, colorimetric detection method. 86 Each detection method has different characteristics; spectrophotometry has some advantages such as low cost, simple equipment and fast operation, but gives low accuracy and is oen inuenced by complex samples. Chromatography has been widely used for detecting FA in the scientic eld because of its high sensitivity, convenient and rapid operation and high recovery rate. However, it requires complex equipment and a long time for purication, hindering it from satisfying the market demand.
Optical imaging is a powerful noninvasive alternative because it can be applied in living systems with minimal perturbation. Small-molecule probes that make use of biorthogonal chemical transformations have been employed to detect a variety of bioanalytes via signal molecules. In comparison to semiconductor sensors based on gas-sensitive lms, uorescent sensors have an obvious advantage in terms of sensitivity. Some new approaches are reported for the detection of FA in living cells through the development of uorescent probes in the last two years, which enable real-time, in situ detection of FA in a compact and reusable manner. These probes available across a wide spectrum of light and exhibiting a variety of cellular and subcellular capabilities are now being used in developing technologies that realise further exploration of biological systems. In particular, key points should be focused on to develop more sensitive and unique probes that can detect endogenous levels of FA. More accurate quantitative measurements applied by FA probes are also a priority, allowing for wide application in biomedical research.
Meanwhile, nanomaterial-based probes for detection of FA have been vastly improved through different methods such as SRES, RRS, and DDT in the past few years. Various nanomaterials such as nanoparticles, nanotubes, nanosheets, and core-shell structures have been developed owing to their ability to signicantly improve FA sensing and expand the application elds. In conclusion, because of the special optical and electrical properties mentioned above, nanomaterials, the best SERS substrates, have become suitable candidates to trace FA with good reactivity, high selectivity, and lower limit of detection in environmental, food and biological samples.
Although there have been many studies for the detection of endogenous FA in recent years, some basic and key issues need to be addressed through further research and breakthrough. For example, there are still no trappable or targetable probes offering the ability of monitoring FA in individual cells in order to better understand intracellular movement of these species, especially between different cell and tissue types. Furthermore, the interactions of FA with other reactive species like nitric oxide, hydrogen peroxide, carbon monoxide, and higher order reactive nitrogen, oxygen, and carbon species has not been investigated. To the best of our knowledge, there is no report about an approach that can detect them in clinical trials. The recent studies are fragmented, and more studies focusing on FA sensing in clinical trials need to be conducted, considering the inuence of pathological condition and individual differences; additionally, visualizing deeper tissues on currently reported optical imaging probes for FA detection is difficult to. Moreover, the unsatisfactory biocompatibility of imaging agents makes it difficult for them to accommodate the biological environment and have a wide range of applications. To tackle this problem, there are several proposed approaches. New sensor technologies that possess the features of facile operation, high sensitivity, and real-time and online detection are needed to enable real-time, in situ detection of FA in a compact and reusable manner. Of note, new strategies such as PET, MRI, and fMRI will be inuential in the development of novel FA imaging agents, leading to better detection in physiological and even in pathological conditions.
